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I.  INTRODUCTION 


In  single  phase  po^ycrystalline  ceramic  bodies  the 
stresses  resulting  from  applied  loads,  large  scale  residual 
stresses,  and  localized  stresses  combine  to  cause  fracture. 
Localized  stresses  arise  as  a  result  of  several  phenomena 
including : 

1.  Thermal  expansion  anisotropy 

2.  Elastic  anisotropy 

3.  Stress  concentrations  at  surface  flaws  and  pores 
Presently  available  evidence  indicates  that,  in  strong,  well 
made  ceramic  bodies,  fractures  usually  originate  at  flaws 
ranging  in  size  from  about  10  to  300 These  flaws 
may  be  small  cracks,  large  pores,  large  crystals,  etc. 
Normally,  these  flaws  are  located  at  or  near  the  surface 
but  when  the  surface  flaws  are  prevented  from  acting  to 
cause  failure  by  the  use  of  compressive  surface  layers, 
fracture  may  originate  in  the  interior. 

The  effectiveness  of  localized  stresses  in  causing 
fracture  seems  to  depend  on  the  size  of  the  stressed  region. 
Thus,  in  fine  grained  bodies  localized  stresses  due  to 
thermal  expansion  anisotropy  have  little  or  no  effect  on 
the  strength  whereas,  in  coarse  grained  bodies,  these 
stresses  cause  localized  crack  formation  and  the  bodies 
are  weak.  The  Griffith  condition  is  a  necessary  condition 
for  fracture  to  occur  and  specifies  the  minimum  crack 
length  that  can  continue  to  propagate  at  a  given  level  of 
stress.  It  should  depend  on  the  combined  effect  of  all 
types  of  stresses.  However, if  the  localized  stresses  act 
in  a  region  that  is  very  much  smaller  than  the  dimensions 
of  a  critical  flaw  or  crack,  the  effect  of  the  localized 
stresses  is  presumed  to  be  minimal. 

There  is  considerable  uncertainty  involved  in  attempting 
to  describe  the  mechanisms  of  fracture  of  alumina  ceramics 
in  various  ranges  of  grain  size.  Frequently,  it  has  been 
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assumed  that  a  single  mechanism  would  suffice  over  the 
entire  range  of  grain  size.  However,  recent  observations 
of  the  variations  of  the  relative  s-izes  of  the  critical 
flaws  and  grain  size  in  the  various  grain  size  ranges 
indicate  that  the  mechanism  varies  with  grain  size.  One 
approach  is  to  consider  the  possible  influence  of  the 
localized  stresses  in  three  ranges  of  grain  size. 

At  grain  sizes  less  than  about  2  urn,  available 
n  \  * 

evidence'  ’  indicates  that  fracture  originates  at  flaws 

that  are  much  larger  than  the  grain  size.  In  this  grain 

size  range,  the  anisotropy  stresses  are  probably  ineffective 

because  they  act  in  a  volume  that  is  very  small  compared 

with  the  size  of  the  critical  flaws.  In  the  grain  size 

range  from  about  2  pm  to  45pm,  the  volume  in  which  the 

anisotropy  stresses  act  approaches  the  critical  flaw  size. 

In  tnis  grain  size  range,  it  is  reasonable  to  expect  the 

localized  stresses  to  combine  with  the  stresses  due  to  the 

applied  load  to  cause  failure.  The  observed  decrease  in 

strength,  observed  in  going  from  2pm  to  45pm,  is  about 

40,000  psi^^  and  roughly  corresponds  with  estimates  of 

the  magnitude  of  the  anisotropy  stresses.  At  grain  sizes 

greater  than  45pm,  localized  cracks  form  and  the  bodies 

are  weak.  In  this  grain  size  range  the  strength  can  be 

considered  to  depend  on  the  size  of  the  localized  cracks. 

The  importance  of  localized  stresses  in  determining 

the  strength  of  ceramic  materials  has  been  investigated  by 

Buessem^),  Buessem  and  Lange^,  Clarke^,  Hasselman^ 

and  others.  Evidence  of  the  importance  of  localized  stresses 

(l±\ 

includes  the  observation  of  localized  cracks  in  alumina'  ' , 
titania^)^  and  beryllia^ 10 ),  the  increase  in  strength  with 
increasing  temperature  5 n  beryllia^^  and  alumina^ )  and 
the  thermal  expansion  hysteresis  of  numerous  ceramic 
bodies^). 

The  magnitude  of  the  localized  stresses  caused  by 
thermal  expansion  anisotropy  in  BeO  was  measured  by  Smi'-h 
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/  ip  ^ 

and  Weissman'  '  using  the  x-ray  diffraction  method.  The 
average  stress  is  28,000  psi  in  BeO  bodies  with  randomly 
oriented  grains.  The  maximum  stresses  occur  when  neighboring 
grains  have  unfavorable  mutual  orientations  and  are  much 
higher. 

Since  it  is  evident  that  strength-anisotropy-grain  size 

relations  are  of  basic  importance  in  attempts  to  prepare 

strong  ceramic  bodies,  olid  solution  compositions  with 

reduced  crystal  anisotropy  are  desired.  Compositions  in 

the  systems  Alo0--Cr^0o  and  TiO^-VCL  that  are  more  thermally 

<z  d  r  i  q  ^ 

isotropic  than  the  pure  end  members  were  investigated'  ' . 

In  the  present  investigation,  polycrystalline'  ceramic  bodies 

were  prepared  from  some  of  these  compositions  in  the  system 

Al2C3-Crg03. 

Substantial  strengthening  has  been  achieved  by  forming 
compressive  surface  layers  on  polycrystalline  ceramic 
bodies^*  1^-16).  Quenching  was  on'-'  of  the  methods  used  to 
form  compressive  surface  layers  on  alumina,  and  AlgO^-Cr^O^ 
bodies  with  reduced  crystal  anisotropy,  and  improvements  in 
strength  were  observed. 

Another  objective  is  to  develop  methods  of  quantitative 
analysis  of  fracture  surfaces.  Substantial  progress  has  been 
made  in  the  analysis  of  mirrors  formed  in  the  fracture 
surface  of  glass  specimens.  The  dimensions  of  these  mirrors 
are  characteristic  of  the  locally  acting  stresses  when 
fracture  occurs.  This  characteristic" has  been  used  to 
estimate  the  residual  stresses  induced  by  quenching  in 
polycrystalline  alumina  ceramics. 

The  procedures  used  in  this  investigation  are  described 
in  the  next  section.  In  the  section  following  that  the 
results  of  the  investigation  of  strengthening  by  reduction 
of  crystal  anisotropy  are  presented  and  discussed,  in 
Section  IV  the  results  of  the  analysis  of  residual  stresses 
based  upon  the  measurement  of  mirrors  in  the  fracture 
surfaces  of  quenched  alumina  are  presented. 


II.  PROCEDURES 


Polycrystalline  alumina  ceramics  and  AlgO^-Ci'gO^  solid 
solution  ceramics  with  reduced  crystal  anisotropy  were 
prepared  by  hot  pressing.  The  starting  materials  were 
Linde  A  alumina  (0.3  fJLm  grain  size,  Union  Carbide  Corp. , 

San  Diego,  Calif. )  and  Fisher  Certified  Cr^O^.  In  some 
cases  MgO  was  added  in  the  form  of  magnesium  acetate  as 
a  grain  growth  inhibitor.  The  magnesium  acetate  was 
dissolved  in  methanol,  the  oxide  powders  were  added,  mixed 
in  a  Waring  blender,  dried,  and  granulated  through  a  100- 
mesh  sieve.  The  granulated  powder  was  placed  in  a  graphite 
die,  usually  2-7/8  in.  in  diamet-  r,  and  heated  in  an 
induction  furnace.  The  time,  temperature,  and  pressure  were 
varied  to  obtain  billets  with  various  grain  sizes. 

Cylindrical  rods  from  0.09  to  0.15  in.  in  diameter 
were  machined  from  the  billets.  The  rods  were  polished 
using  220,  320,  400  and  600  grit  silicon  carbide  paper 
and  15jU.m  diamond  paste. 

In  some  cases  the  polished  rods  were  strengthened  by 
quenching.  These  rods  were  heated  individually  in  an 
induction  furnace  and  then  quenched  by  thrusting  the  rod 
into  a  liquid  quenching  medium  such  as  silicone  oil. 

Unless  specified  otherwise,  the  flexural  strengths 
of  the  ceramics  were  measured  by  four  point  loading  on  a 
one  inch  span  with  rolling  contacts,  at  a  stressing  rate 
of  about  50 ,000  psi  per  minute.  The  humidity  of  the  test 
environment  was  controlled  at  20$  relative  humidity. 

The  density,  porosity,  grain  size  and  shape,  and  other 
micros  true  tural  features  of  the  specimens  rfe^-e  studied. 

The  density  and  porosity  were  measured  by  immersion  in 
water.  The  densities  listed  in  this  report  are  the  bulk 
density  (weight  per  unit  volume  including  both  open  and 
closed  pores)  expressed  as  a  percentage  of  the  theoretical 

density  of  the  completely  non  porous  composition.  The 

/ 

- 

Temperature  measured  through  top  punch. 
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porosities  are  reported  as  the  percent  porosity  due  to  open 
pores  only.  The  theoretical  density  of  pure  a-alumina  is 

_  O 

3.987  gm  cm  .  The  densities  of  the  solid  solution  compositions 
were  based  upon  the  results  of  Rossi  and  Lawrence 

Fracture  surfaces,  and  polished  and  etched  specimens 
were  studied  by  optical,  electron  and  scanning-  electron 
microscopy.  The  specimens  were  polished  with  6 diamond 
compound  on  a  cast  iron  lap  followed  by  a  tin  lap.  The 
polished  specimens  were  chemically  etched  in  concentrated 
HgSO^  for  30  sec.  at  300°C;  then  thermally  etched  at  1500°C 
for  five  minutes. 

The  average  grain  size  was  measured  by  the  circular 
intercept  method  described  by  Hilliard^ .  The  reciprocal 
of  the  number  of  intersections  per  unit  length  was  used 
directly  as  the  measure  of  grain  size.  In  other  words,  no 
corrections  were  made  for  the  errors  that  result  because 
the  portions  of  the  grains  exposed  in  the  surface  of  the 
cross  section  are  smaller  on  the  average  than  the  maximum 
grain  dimension  and  the  circle  crosses  the  grains  in  a 
random  position. 

The  mirror  diameters  were  measured  using  an  American 
Optical  microscope  with  a  40  mm  focal  length  objective 
(2.6X)  and  a  25  mm  focal  length  eyepiece  (10X).  The 
fracture  was  observed  by  using  oblique  reflected  light. 

A  micrometer  disc  ruled  to  0.05  mm  was  used  in  the  eyepiece 
to  measure  the  mirror  diameter,  the  distance  from  the 
mirror  center  to  the  rod  axis  for  internal  flaws,  and  the 
rod  diameter. 

For  mirrors  formed  by  surface  flaw  failure,  the 
diameter  was  measured  by  taking  twice  the  distance  from 
fracture  origin  at  the  edge  of  the  rod  to  where  hackle 
begins.  For  internal  flaws,  the  distance  from  hackle  on 
one  side  of  the  fracture  origin  to  hackle  on  the  other  side 
of  it  was  measured  as  the  mirror  diameter.  In  polycrystalline 
alumina  the  boundary  between  the  mirror  zone  and  hackle  is 
often  much  less  distinct  than  in  glass  but  in  general  it  is 
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the  area  where  flakes  and  roughness  begin. 

Electron  micrographs  of  some  specimens  were  prepared  by 
W.  W.  Corbett,  electron  microscopist  at  the  Pennsylvania  ' 
State  University,  using  a  Philips  E.M.  300  electron  micro¬ 
scope.  Carbon  replica  techniques  were  used  to  prepare  the 
specimens  from  fractured,  or  polished  and  etched  surfaces. 

The  scanning  electron  micrographs  were  prepared  by  . 
Mrs.  Jana  Lebiedzik  at  the  Pennsylvania  State  University 
using  a  Japan  Electron  Optics  Laboratory  Co.  Ltd.  Model 
JSM  microscope.  The  specimens  were  prepared  by  evaporating 
a  thin  layer, of  gold  on  the  fractured  or  polished  and  etched 
surface  in  order  to  drain  off  the  charge  from  the  electron 
beam. 

X-ray  diffraction  analyses  were  performed  using  a 
General  Electric  XRD-5  diffractometer.  The  x-ray  method 
was  used  to  look  for  the  presence  of  second  phases  and  to 
determine  the  composition  of  the  solid  solutions  after 
hot  pressing. 


III.  STRENGTHENING  BY  REDUCTION  OF  CRYSTAL  ANISOTROPY 

A.  Effect  of  Processing  Variables  and  Composition 
on  Grain  Size 

1.  Heating  Rate 

In  the  early  stages  of  this  research  extreme  difficulty 

was  encountered  in  attempts  to  increase  the  grain  size  of 

the  AlgO^-Cr^O^  bodies.  For  example,  in  the  most  recent 

report!**),  the  largest  average  grain  size  of  the  solid 

solution  specimens  for  which  strengths  were  determined  was 

about  20U.m.  In  order  to  achieve  this  grain  size  it  was 

* 

necessary  to  hold  the  material  at  l800°C  for  five  hours. 

In  an  attempt  to  obtain  increased  average  grain  size, 
a  lower  heating  rate  was  used.  The  temperature  was  raised 
to  1000°C  in  one  hour  and  then  to  the  holding  temperature 
over  the  following  four  hours,  making  a  total  of  five  hours 
to  the  holding  temperature.  Previously,  the  die  was  raised 
to  the  holding  temperature  as  rapidly  as  possible  and  usually 
reached  the  holding  temperature  in  two  or  three  hours. 

This  lower  heating  rate  allows  more  time  for  densi- 
fication  in  the  temperature  range  near  1200°C  where  rapid 
densif ication  occurs.  Therefore,  fewer  pores  are  likely 
to  be  trapped  in  the  body.  One  reason  to  expect  more  grain 
growth  with  this  heating,  schedule  is  that  fewer  pores  are 
likely  to  be  present  to  inhibit  grain  growth.  Another 
advantage  of  the  slower  heating  is  that  more  opportunity  is 
provided  for  evaporation  of  adsorbed  gases  and  other  impurities 
at  low  temperatures  before  they  are  trapped.  Using  the  lower 
heating  rate,  substantially  larger  grain  sizes  were  achieved 
at  lower  temperatures  than  were  used  previously.  The 
maximum  average  grain  size  was  57 )Hm  which  resulted  from 
holding  at  l650°C  for  five  hours. 

** - 

Temperature  measured  on  the  outside  of  the  die  body.  For 
comparison  with  the  present  measurements  subtract  about  100°C. 
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2.  Pressing  Temperature  and  Time 

When  the  Alo0_-Cro0o  solid  solution  bodies  are  made 
d  $  d  3 

by  hot  pressing  mixtures  of  pure  oxide  powders,  the  minimum 
temperature  and  pressing  time  are  determined  by  the  need  to 
obtain  complete  reaction  of  the  oxides.  X-ray  diffraction 
analysis  of  a  body  pressed  at  1325°C  for  one  hour  showed 
that  the  reaction  was  not  quite  complete.  With  this  heat 
treatment  the  diffraction  peaks  of  the  starting  powders 
had  disappeared  but  those  of  the  r.olid  solution  were 
broader  than  they  should  be  for  a  homogeneous  solid  solution. 
After  pressing  at  1325°C  or  1350°C  for  two  hours  the 
diffraction  peaks  were  considerably  less  broad. 

At  the  highest  hot  pressing  temperatures  some  problems 
were  encountered.  One  of  these  problems  was  loss  of 
material  from  the  die  cavity.  For  example,  a  72$  AlgO^- 
28$  CrgO^  billet, hot  pressed  at  l650°C  for  five  hours, 
showed  a  weight  loss  of  27$.  For  comparison,  a  similar 
billet  pressed  at  1500°C  for  two  hours  had  a  weight  loss 
of  2$. 

Several  possible  mechanisms  of  weight  loss  were 
considered.  Among  these  mechanisms  were: 

1.  Evaporation  of  chromium  oxide. 

2.  Extrusion  of  material  from  the  die  cavity. 

3.  Reduction  to  form  lower  oxides. 

X-ray  diffraction  analysis  was  used  to  determine  the  phases 
present  and  the  composition  of  the  AlgO^-Cr^O^ 
solution.  The  diffraction  patterns  showed  that  only  one 
phase  was  present  and  that  phase  was  the  AlgO^-CrgO^ 
solid  solution.  The  composition  was  determined  based  upon 
the  location  of  the  146  diffraction  peak  located  at  about 
133°26.  The  results  of  these  analyses  are  presented  in 
Table  I.  They  show  that  there  is  a  substantial  reduction 
in  the  chromium  content  of  the  solid  solution  but  this 
reduction  is  not  sufficient  to  account  for  the  27$  weight 
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TABLE  I 


Analysis  of  Al^-Cr^ 


Description  of  Specimen 


Billet 

No. 

Pressing 
Temp.  °C 

Hold 

Period 

Hours 

8-55-1 

1325 

2 

8-63-3 

(0. 

1350 

2 5$  MgO) 

2 

8-89-1 

1650 

5 

8-89-1 

1650 

5 

8-89-3 

(0. 

1650 

25$  MgO) 

5 

AlgOg  powder 


Solid  Solution  Compositions 


Location  of 

146  Peak 
Degrees  2© 

Compos  i  tii 
$  Cr„0. 

132.46 

1  c- 

CO 

CVl 

132.7 

26.5 

133.06 

23.3 

133.12 

22.8 

133.1 

22.9 

i36.ll 

none 
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loss^of  the  billet. 

The  densities  of  some  of  these  billets  were  determined. 

The  results  are  presented  in  Table  II.  The  densities  of 
the  billets  pressed  at  low  temperatures  were  greater  than 
99.6$  of  theoretical  density.  Based  upon  the  assumption  that 
the  solid  solution  composition  of  the  specimens  pressed  at 
l650°C  was  28$  CrgO^  the  densities  of  specimens  seem  lower 
than  should  be  expected.  However,  when  the  average  solid 
solution  composition,  23$  CrgO^,  from  Table  I"  is  used  to 
calculate  the  percent  of  theoretical  density,  the  values 
range  from  99*3  to  99*9  percent  which  seems  much  more 
reasonable.  Therefore,  based  upon  both  x-ray  analysis  and 
density  determinations,  it  is  evident  that  the  Cr^O^  content 
of  the  solid  solutions  pressed  at  l650°C  has  been  reduced 
and  the  actual  composition  is  approximately  77$  Alg02~23$ 

Cr2°3‘ 

Examination  of  the  die  wall  of  the  die  used  to  press 
the  billets  at  l650°C  revealed  the  presence  of  material  not 
usually  observed  there  after  pressing  at  lower  temperatures. 
This  material  has  not  been  characterised  but  it  appears  to 
have  been  extruded  or  squeezed  from  the  die  cavity.  Therefore, 
it  is  concluded  that  most  of  the  material  that  was  lost 
from  the  die  was  lost  by  this  extrusion  process.  The  change 
in  composition  from  28$  Cr^O^  to  23$  CrgO^  represents  a 
weight  loss  of  7  to  8$  assuming  that  only  Cr^O^  was  lost 
by  evaporation.  Apparently  the  balance  of  the  loss,  19-20$, 
was  lost  by  extrusion  from  the  die  cavity. 

The  x-ray  diffraction  patterns  of  the  billets  that  were 
hot  pressed  at  l650°C  showed  some  other  features  that  should 
be  noted.  In  patterns  taken  from  surfaces  cut  parallel  to 
the  pressing  direction  the  intensity  of  some  peaks  is  lower 
than  would  be  expected  based  upon  examinations  of  specimens 
pressed  at  lower  temperatures  or  specimens  that  were  pressed 
at  the  same  temperature  that  were  powdered  before  x-ray 
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TABLE  II 


Density  of  Hot  Pressed  Billets 

of  Al^Cu-Cr^CL  Solid  Solution 
2  3  2  3 


Percent  of 

Hold  n  ,,  Theoretical  Density 

Billet  Pressing  Period  u  1_X  Based  on  Based  on 

No.  Temp.  °C  Hours  gm  cm  3  28 $  Cro0n  23$  Cr^O., 

-  -  -  -  - - d—y 

8-55-1  1325  2  4.35  99-7 


8-63-3  1350  2  4.34  99.6 

(0.25$  MgO) 


8-93-1  1500  2  4.34  99.6 


8-89-1  1650  5  4.25  97.6  99.3 


8-89-2  1650  5  4.29  98.4  99.8 

(0.1$  MgO) 


8-89-3  1650  5  4.28  98.1  99.6 

(0.25$  MgO) 
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examination.  Therefore,  there  seems  to  be  a  substantial 
degree  of  preferred  orientation  in  this  material.  This 
observation  is  unexpected  based  upon  the  rounded  nature 
of  the  grains  as  indicated  later. 

Some  of  the  diffraction  peaks  at  higher  angles  are 
rather  broad,  perhaps  indicating  that  the  solid  solutions 
pressed  at  high  temperature  have  a  tendency  to  decompose. 

Some  of  the  photomicrographs  presented  in  later  sections 
of  this  report  have  a  checkered  substructure  which  may  be 
further  evidence  of  decomposition. 

3.  Effect  of  Magnesia  Additions 

Magnesia  is  effective  as  a  grain  growth  inhibitor  in 
AlgO^-CrgOg  solid  solution  ceramics  as  well  as  in  alumina 
bodies.  The  effect  of  various  magnesia  additions  on  the 
average  grain  size  of  the  Al20g-28$  Cr^O^  solid  solution 
composition  is  shown  in  Figure  1.  The  scattered  data  points 
at  0.05  and  0.10$  MgO  for  the  specimens  pressed  at  l650°C 
may  be  the  result  of  temperature  variations  in  the  die. 
Nevertheless,  the  trend  of  grain  size  with  composition  is 
evident. 

The  microstruc lures  of  the  two  series  of  specimens 
are  presented  in  Figures  2-5*  The  decrease  in  average  grain 
size  with  increasing  MgO  content  is  clearly  illustrated. 

In  addition,  there  is  an  increasing  occurrence  of  black  spots 
on  grain  boundaries  and  at  triple  points  with  increasing 
MgO  content.  These  black  spots  are  pores  or  pullouts  as 
shown  in  Figure  5* 

None  of  these  microstructures  show  the  typical  variations 
in  grain  size  and  grain  shape  expected  in  strong  bodies.  The 
microstructures  in  Figure  2  (1525°C)  show  angular,  elongated 
grains  with  a  wide  range  of  grain  sizes.  The  microstructures 
in  Figure  4  (l650°C)  show  rounded  grains  with  a  wide  range 
of  grain  sizes  and  a  bimodal  grain  size  distribution.  Further 
comments  on  these  microstruc tures  will  be  made  in  the  next 
section. 


rcept  -  /M 
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2  Hours  (290X) 


Figure  3  72%  AI203-28%  Cr203  Specimen  with  0.25%  MgO  added,  Pressed  at  1525°C  for 

2  Hours  (2620X)  Same  as  Figure  2C. 


i 

i 
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A.  0%  MgO 


B.  0.25*  MgO 


Figure  5  Scanning  Electron  Micrographs,  12%  AI9O3-28&  Cr o03  Specimens  Hot  Pressed  at 
1650°C  for  5  Hours  (1000X) 


-  18  - 


B.  Effect  of  Processing  Variables  and  Composition 
on  Grain  Shape 

1.  Pressing  Temperature  and  Time 

It  has  been  known  for  some  time  that  alumina  tends 
to  form  lathlike  grains  as  higher  sintering  temperatures 
are  used.  This  feature  was  well  illustrated  for  sintered 
alumina  by  Cahoon  and  Chris tenson ( ^ ) .  Similar  lathlike 
grain  growth  was  illustrated  for  alumina  hot  pressed  at 
1625°C  for  four  hours  to  form  a  30  p.m  body^.  Additions 
of  magnesia  are  very  effective  in  inhibiting  grain  growth 
in  alumina  bodies.  Even  after  hot  pressing  at  high 
to  .peratures  for  long  periods  of  time  the  average  grain 
size  is  limited  to  less  than  10ju.m.  In  alumina  bodies 
with  magnesia  additions  that  are  sintered  to  full  density 
at-  high  temperatures  (for  example ,LUCAL0X)  the  lathlike 
grain  growth  is  avoided (20). 

The  72 %  Al2°g-28$  Cr,^  composition  tends  to  form 

somewhat  elongated  (approximately  2:1  or  3:1  length  to 

width  ratio)  grains  in  bodies  with  a  two  micrometer  average 

* 

grain  size  obtained  by  hot  pressing  at  1480  C  for  one 
hour.  The  microstructure  of  this  body  was  illustrated  in 
a  previous  report^21).  When  this  composition  was  pressed 
at  higher  temperatures  such  as  1700-l800°C  to  form  a  body 
with  an  average  grain  size  of  20^. m, the  lathlike  structure 
became  more  pronounced. 

Additional  evidence  of  this  tendency  to  form  elongated 
grains  has  been  obtained  for  bodies  with  both  smaller  and 
larger  grain  sizes.  Figure  6  shows  elongated  grains  in  a 
body  with  an  average  grain  size  of  0.85/lm  obtained  by 
heating  according  to  the  slower  schedule  and  pressing  at 


* 


measured  on  the  outside  of  the  die 
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1375° C  for  two  hours.  The  larger  grain  size  body  was  obtained 
by  pressing  at  1525°C  for  two  hours  and  has  an  average  grain 
size  of  40jjun.  The  microstructure  of  this  body  is  shown 
in  Figure  7. 

The  elongated  microstructures  observed  in  these  bodies 
bear  some  resemblance  to  the  lathlike  microstructures  observed 
in  pure  alumina  bodies  when  the  grains  begin  to  grow. 

Cahoon  and  Christenson ^ state  that  additions  of  Cr2°3  to 
sintered  alumina  in  amounts  above  one  weight  percent  alter 
the  shape  to  nearly  spheroidal  and  that  additions  over  7$ 
cause  the  grains  to  be  increasingly  more  equiaxed  and  ragged 
in  appearance.  The  present  observations  for  this  27  mole 
percent  composition  formed  by  hot  pressing  seem  to  have  much 
different  microstructures  from  those  described  by  Cahoon  and 
Christenson. 

In  one  series  of  specimens  more  nearly  spheroidal  grains 
were  observed,  especially  in  the  compositions  containing 
magnesia  additions,  as  shown  in  Figure  4.  Since  the  maximum 
grain  size  of  the  specimens  with  magnesia  additions  is  well 
over  twice  the  average  grain  size,  the  microstructures  are 
typical  of  abnormal  or  discontinuous  grain  growth  as 
described  by  Hillert^'.  The  microstructures  shown  in 
Figure  2  have  very  lathlike  grains  and  span  much  of  the 
same  grain  size  range  as  those  in  Figure  4.  No  explanation 
is  available,  at  present,  for  the  wide  variations  in  grain 
shape  observed  for  specimens  of  approximately  equivalent  • 
grain  size. 

2.  Prereacted  powders 

In  the  early  stages  of  this  research,  the  powders  used 
for  hot  pressing  were  either  (1)  mixtures  of  the  oxide  powders 
or  (2)  coprecipitated  hydroxides.  In  both  cases  lathlike 
crystals  were  formed  when  the  pressing  was  carried  out  at 
high  temperatures  and  for  long  times  in  order  to  grow  large 
grains. 


Ifj.w 

Figure  7  72%  Al 203-28%  Cr20g  Body,  40  /um  Grain  Size,  Hot  Pressed  at  1525°C  for 

2  Hours  (2130X) 
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One  attempt  at  preventing  the  occurence  of  lathlike 
grains  involved  the  use  of  prereacted  powders.  The  oxide 
powders  were  mixed  and  then  reacted  by  firing  at  l400°C 
for  four  hours.  This  temperature  is  high  enough  so  that 
reaction  of  the  powders  can  be  assumed  to  be  essentially 
complete.  The  resulting  material  was  ball  milled  for 
two  hours  in  methanol  to  reduce  the  particle  size. 

Billets  of  the  solid  solution  were  hot  pressed  from 
both  mixed  oxide  powders  and  prereacted  powders.  The 
materials  were  hot  pressed  at  l800°C  (measured  on  the 
outside  of  the  die  body)  at  4000  psi.  The  resulting 
billets  were  characterized.  The  results  are  summarized 
in  Table  III  and  the  microstructures  are  compared  in 
Figure  8.  The  photomicrographs  show  that  similar  grain 
sizes  were  obtained  in  both  cases  and  that  both  micro¬ 
structures  contain  similar  lathlike  crystals.  Therefore, 
this  approach  to  preventing  the  formation  of  the  lathlike 
grains  was  unsuccessful. 

C.  Strength  vs.  Composition 

Since  the  effect  on  the  strength  of  reduction  of 
the  thermal  expansion  anisotropy  was  expected  to  be  most 
evident  at  large  grain  size,  billets  of  various  AlgO^-CrgO^ 
compositions  were  pressed  under  conditions  (1500°C,  2  hours) 
expected  to  yield  substantial  grain  growth.  Cylindrical 
rods  were  machined  from  these  billets  and  the  flexural 
strengths  were  measured,  Polishes  and  etched  specimens  were 
examined  and  the  average  grain  size  was  measured.  The 
microstructures  consisted  mainly  of  lathlike  grains  as 
shown  in  Figure  9*  The  average  grain  size  of  the  various 
compositions  ranged  from  30  to  b9  fJim.  The  flexural  strengths 
are  given  in  Figure  10.  The  observed  strengths  were 
relatively  low,  even  compared  with  the  strength  vs.  grain 
size  curve  for  the  72$  Al20g-28$  CrgO^  composition.  There 
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A.  Reacted  during  Hot  Pressing 
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Figure  8  Mi crostructu re  of  72%  AI203-28%  Cr203 
oxides  and  Prereacted  Powders  (430X) 
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B.  Prereacted  before  Hot  Pressing 


id  Solution  Bodies  made  from  mixed 


21%  Cr203 


28%  Cr203 


Figure  9  Microstructures  of  Specimens  with  Various  Compositions  in  the 
System  AI203*Cr203  ( 1  1 0X) 
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Strength  vs.  Composition  for  Coarse  Grained  AlgOg-C^Og  Solid  Solutions  (Pressing 
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was  no  straightforward  variation  of  strength  with  grain 
size.  The  highest  average  strength  was  observed  at  21$ 

Gr^O^.  The  results  indicate  that  these  observed  strengths 
depend  mainly  on  the  grain  size  and  the  presence  of  the 
lathlike  grains  rather  than  the  composition  or  other  factors, 

D.  Strength  vs.  Grain  Size 
1.  72$  Al203-28$  Cr203 

As  described  previously,  billets  of  the  72$  Al^C^- 
28$  Cr203  composition  with  reduced  crystal  anisotropy  were 
hot  pressed  at  various  temperatures  for  various  periods  of 
time  to  obtain  bodies  with  a  wide  range  of  average  grain 
sizes.  These  billets  were  hot  pressed  using  the  slower 
heating  schedule  so  that  larger  grain  sizes  were  achieved 
compared  with  those  resulting  from  earlier  experiments. 

Cylindrical  rods  were  machined  from  these  billets  and 
polished.  The  flexural  strengths  were  measured  by  four 
point  loading  on  a  one  inch  span.  The  results  of  these 
measurements  are  presented  in  Table  IV  and  Figure  11.  At 
grain  sizes  less  than  0.90jj.m,  some  of  the  specimens  are 
less  dense  and  the  bonds  between  grains  are  less  strong  than 
desired,  so  the  strength  does  not  continue  to  increase  with 
decreasing  grain  size.  At  grain  sizes  greater  than  O.yOjJLm 
the  strength  decreases  with  increasing  grain  size,  as 
expected.  The  slope  of  the  curve  is  approximately  -0.28, 
substantially  less  than  the  slope  of  -0.5  that  would  be 
expected  based  on  the  Griffith  theory  assuming  the  flaw  size 
is  equal  to  the  grain  size. 

A  type  of  defect  not  previously  observed  in  these  solid 
solution  specimens  was  found  in  some  of  these  bodies.  The 
defect  is  illustrated  in  Figure  12.  It  appears  to  be  a 
region  of  unbonded  grains  in  an  interstice  formed  by  several 
large  grains.  The  unbonded  grains  range  in  size  from  about 
one  to  ten  micrometers  so  that  they  are  too  large  to  be  the 
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(1)  center  of  die  (2)  9  hour  heating  schedule  (3)  6000  psi 


original  particles.  Apparently,  at  some  stage  of  crystal 
growth  the  lathlike  growth  occurred  and  these  regions  did 
not  participate  in  this  growth. 

2.  72$  Al203-28 $  CrgO  with  0.1 $  MgO 

Magnesia  was  added  as  a  grain  growth  inhibitor  as 
described  in  previous  sections.  The  strength  vs.  grain 
size  is  presented  in  Table  V  and  Figure  13.  The  strength 
remains  relatively  high,  up  to  an  average  grain  size  of 
about  lOytun,  and  then  decreases  sharply.  No  explanation 
of  this  decrease  is  available. 

3.  72$  Al203-28$  Cr203  with  0.25$  MgO 

The  strength  vs.  grain  size  data  for  72$  Al203~28$  Cr203 
bodies  with  0.25$  MgO  added  as  a  grain  growth  inhibitor 
are  presented  in  Table  VI  and  Figure  14.  Based  upon  these 
limited  data,  tnere  is  little  evidence  of  variation  of 
strength  with  grain  size  up  to  9«4yUm  and  there  is  a  sharp 
decrease  in  strength  with  grain  size  at  larger  grain  size. 
This  strength  decrease  which  was  noted  for  the  specimens 
with  0.1$  MgO  seems  more  pronounced  at  0.25$  MgO  addition. 

4.  Comparison  of  Strength  vs.  Grain  Size  Results 

The  strength  vs.  grain  size  results  for  various  magnesia 
additions  and  heating  rates  are  compared  in  Figure  15.  This 
comparison  shows  that  the  earlier  data^*^)  based  on  the 
faster  heating  schedule  yielded  the  strongest  specimens. 

The  slower  heating  schedule  is  useful  mainly  to  remove 
pores  and  allow  the  preparation  of  coarse  grained  bodies. 

The  specimens  with  the  magnesia  additions  are  comparatively 
strong  at  about  ten  micrometer  grain  size  and  relatively 
weak  at  larger  and  smaller  grain  sizes. 

/ p o  \ 

Literature  data  of  Spriggs  and  Vasilos'  for  pure 
alumina  corrected  to  zero  porosity  are  included  in  the 
figure  for  comparison.  The  72$  Alg03-28$  Cr2C>3  bodies  have 


Flexural  Strength  of  72$  k\,S)  ^-2Q%,  Composition 

with  Addition  of  0.1$  MgO 

(Pressed  at  4000  psi  after  5  hour  heating  schedule) 
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Average  Grain  Intercept  - 

Figure  14  Flexural  Strength  vs.  Grain  Size  of  72'*  AI?03-28'*  Cr203, 
0. 25'*  HgO  Added 


thousands 


2  5  10  20  50  100 

Average  Grain  Intercept  -  .Jti 

Figure  15  Comparison  of  Flexural  Strength  vs.  Grain  Size  for  Various 
Magnesia  Additions  and  Heating  Rates 
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higher  measured  strengths  than  this  alumina  especially  in 
the  intermediate  grain  size  range.  These  differences  may 
be  greater  than  indicated  on  the  figure  because  of  the 
different  methods  of  measuring  grain  size.  The  Spriggs 
and  Vasilos  measurements  of  grain  size  are  the  average  of 
the  diameters  "of  ten  grains  taken  at  random.  This  method 
probably  tends  to  give  higher  average  grain  sizes  because 
the  largest  distance  from  grain  boundary  to  grain  boundary 
is  used  rather  than  the  length  of  the  random  path  obtained 
by  the  circular  intercept  method.  If  this  is  correct 
the  Spriggs  and  Vasilos  data  should  be  moved  to  the  left 
an  unknown  amount. 

Other  data  for  the  strength  vs.  grain  size  of  alumina 
are  available  for  hot  pressed  alumina^ )  made  at  Ceramic 
Finishing  Company  and  sintered  alumina^^)  (LUCALOX)  from 
General  Electric.  The  flexural  strengths  of  these  specimens 
are  approximately  equal  to  the  average  strengths  of  the 
best  groups  of  72$  CrgO^  specimens.  Thus,  it  is 

not  certain  that  the  improved  strength  expected  as  a  result 
of  reduction  of  crystal  anisotropy  has  been  demonstrated. 

The  flexural  strengths  of  individual  specimens  in 
selected  groups  of  specimens  are  given  in  Table  VII.  These 
results  provide  ample  evidence  that  good  strengths  can  be 
achieved  in  these  compositions,  at  least  at  fine  grain  size. 

The  fracture  surface  of  the  specimen  with  a  flexural  strength 
of  118, 400  psi  is  shown  in  Figure  16.  This  fracture  is 
similar  to  those  usually  observed  for  alumina  bodies  at  this 
strength  level.  The  fracture  surface  shows  the  fracture 
origin  at  the  top  of  the  picture  surrounded .by  the  "mirror". 
Radiating  ridges  and  valleys  (hackle)  are  present  and  are 
quite  pronounced  as  expected  in  fractures  at  relatively  high 
stresses. 

It  was  anticipated  that  the  advantages  of  reduced  crystal 
anisotropy  would  be  most  evident  at  large  grain  size.  Relative 


Flexural  Strength  of  Selected  Groups  of  Specimens 
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to  alumina,  the  strongest  solid  solution  specimens  were 
obtained  at  about  9-10 grain  size  where  the  strengths 
were  about  70,000  psi.  Although  strictly  comparable  data 
are  not  available  for  alumina,  our  evaluation  of  the 
available  evidence  suggests  that  these  solid  solution 
specimens  are  stronger  than  alumina  at  this  grain  size. 

At  the  larger  grain  sizes  where  the  advantage  of  reduced 
anisotropy  was  expected  to  be  still  more  pronounced, 
difficulties  in  making  bodies  with  good  microstructures 
seem  to  have  prevented  the  preparation  of  strong  bodies. 
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IV.  ESTIMATING  THE  RESIDUAL  STRESSES  IN 
QUENCHED  ALUMINA  FROM  MIRROR  DIMENSIONS 

A.  Introduction 

Analysis  of  the  fracture  surfaces  of  polycrystalline 
ceramics  has  been  handicapped  by  lack  of  an  overall  under¬ 
standing  of  the  fracture  process.  In  many  cases  the 
fracture  surfaces  are  flat  and  rather  featureless.  In 
these  cases,  it  is  difficult  to  locate  fracture  origins 
because  several  minor  features  may  be  present  and  there 
may  be  little  or  no  evidence  to  indicate  which  feature  is 
the  critical  flaw^2"^.  Heuer^^  has  shown  that  fractuies 
at  high  stresses  in  strong  alumina  show  more  features  than 
those  occurring  at  low  stresses. 

In  contrast  to  polycrystalline  ceramics,  glass  usually 
fractures  with  a  fracture  surface  containing  very  well 
defined  fracture  features  including  the  critical  flaw, 
mirror  and  mirror  boundary,  hackle,  and  so  forth.  With 
these  well  defined  features  available,  methods  of  analysis 
of  the  fracture  surfaces  have  been  extensively  developed. 
Much  attention  has  been  focused  on  the  study  of  mirrors. 
Terao(^),  Levengood ) ,  and  Shand^9>30)  determined 
relationships  between  the  breaking  stress  of  glass  and 
the  dimensions  of  mirrors.  Johnson  and  Holloway^1)  have 
proposed  an  energy  criterion  for  formation  of  the  mirror 
boundary. 

Kerper  and  Scuderi^2)  investigated  the  mirror  size 
vs.  modulus  of  rupture  for  glasses  of  eight  different 
compositions  and  found  that  the  composition  affected  the 
mirror  size.  They  concluded  that  the  condition  of  the 
glass  surface,  the  test  temperature,  difference  in  exposure 
time  to  test  temperature,  arid  rate  of  loading  all  effected 
the  modulus  of  rupture  but  did  not  affect  the  relationship 
between  the  modulus  of  rupture  and  the  mirror  size.  However, 
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the  slope  of  the  log-strength  log-mirror  radius  curve 
decreases  at  low  strength  and  large  mirror  size. 

Whether  or  not  a  mirror  is  observed  in  the  fracture 
surfaces  of  polycrystalline  ceramics  depends  upon  several 
factors  some  of  which  are  not  well  understood  at  present. 
Shand^^)  f0un(j  that  less  detail  was  observable  in  the 
mirrors  of  polycrystalline  glass  ceramics  compared  with 
glass.  He  attributed  this  difference  to  the  inhomogeneity 
inherent  in  polycrystalline  bodies  and  stated  that  for 
certain  ceramic  materials,  such  as  sintered  alumina,  with 
crystals  still  larger  in  size,  no  mirror  at  all  is  formed. 
However,  whether  or  not  a  mirror  is  observed  also  depends 
upon  other  material  properties  and  conditions.  It  mry  be 
that  he  failed  to  observe  mirrors  with  alumina  because  the 
material  was  weak  or  the  specimens  were  so  small  in  cross 
section  that  the  mirror  boundary  did  not  form  within  the 
dimensions  of  the  fracture  surface. 

Recent  improvements  in  the  preparation  of  alumina 
ceramics,  including  the  use  of  hot  pressing  to  obtain  dense, 
fine  grained  bodies  and  the  use  of  compressive  surface 
layers  to  obtain  substantial  increases  in  strength^-' 
have  made  available  ceramics  that  form  fracture  surfaces 
with  well  defined  features.  Therefore,  it  is  now  possible 
to  apply  the  techniques  used  to  analyse  the  fracture 
surfaces  of  glass  to  the  analysis  of  the  fracture  surfaces 
of  polycrystalline  ceramics. 

In  investigations  of  strength  vs.  mirror  size  in  glass, 
it  has  been  considered  desirable  to  use  specimens  that  are 
free  of  residual  stress. The  reason  for  this  is  that 
the  mirror  size  depends  on  the  local  stress  (combined 
effect  of  stresses  due  to  the  applied  load  and  residual  stress, 
neglecting  in  this  case  the  stresses  due  to  crystal 
anisotropy  because  of  the  small  volumes  in  which  they  are 
effective).  Another  possibility  is  to  investigate  specimens 
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with  large  scale  residual  stress  and  to  use  the  difference 
between  the  nominal  stress, calculated  on  the  basis  of  the 
applied  load, and  the  actual  local  stress  as  indicated  by 
the  mirror  size  to  obtain  an  estimate  of  the  magnitude  of 
the  residual  stress.  In  this  investigation  this  approach 
was  used  to  obtain  estimates  of  residual  stresses  in 
polycrystalline  alumina  specimens  strengthened  by  quenching. 
These  results  were  compared  with  the  observed  improvements 
in  strength  and  the  residual  stresses  calculated  by  Buessem 
and  Gruver(^)  based  upon  thermal  stress  calculations  and 
creep  data. 

B.  Fracture  Stress  vs.  Mirror  Size 

Typical  mirrors  in  fracture  surfaces  of  alumina  flexural 
strength  test  specimens  are  illustrated  in  Figure  17.  The 
fracture  surfaces  are  quite  similar  in  appearance  to  those 
of  glass  rods.  The  fractures  originated  at  surface  flaws. 

As  expected,  the  mirror  size  increases  with  decreasing 
strength.  In  addition,  the  other  fracture  features  including 
hackle  and  flakes  caused  by  crack  branching  become  less 
pronounced. 

The  variation  of  mirror  size  with  strength  for  normal 
loading  rates  is  shown  in  Figure  18.  The  individual  data 
points  indicate  results  obtained  with  hot  pressed  alumina 
rods  ranging  from  0.09  to  0.15  in.  in  diameter.  The  dashed 
line  represents  data  generously  provided  by  R.  W.  Rice  in 
advance  of  publication.  These  data  were  obtained  using 
rectangular  bars  of  94,  96,  98  and  99+$  alumina.  Rice  used 
intentional  flaws  to  weaken  some  of  the  specimens  in  order 
to  extend  the  curve  to  larger  mirror  sizes.  The  slope  of 
the  fracture  stress  vs.  mirror  size  curve  based  upon  Pice's 
data  is  approximately  0.40. 

The  slope  of  the  curve  based  on  the  data  from  the 
present  investigation  is  0.46.  Several  investigators^2^^1) 
of  mirrors  in  glass  have  suggested  the  use  of  the  relation 
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CTc.  '  =  constant 

I  m 

to  describe  the  relationship  between  the  fracture  stress 
(Of)  and  the  mirror  radius  (rm).  However,  after  .what 
appears  to  be  the  most  comprehensive  investigation  of 
flexural  strength  vs.  mirror  size,  Kerper  and  Scuderi^2) 
observed  slopes  that  were  usually  substantially  less  than 
one  half.  The  exponent  approached  one  half  for  the 
strongest  specimens  (smallest  mirrors).  Thus,  it  seems 
possible  that  the  lower  slope  is  caused  by  the  decrease 
in  strain  as  the  mirror  boundary  extends  across  the  specimen 
in  the  flexural  test.  The  factors  that  determine  the 
location  of  the  mirror  boundary  are  not  well  understood. 
However,  it  does  seem  likely  that  the  transfer  of  strain 
energy  to  the  crack  front  is  an  important  factor  and  in 
the  case  of  large  mirrors,  strain  energy  from  portions 
far  removed  from  the  crack  front  may  influence  the  fracture. 

Congleton  et  ai(37,38)  £nvestigated  crack  branching  in 
alumina.  The  exact  relationship  between  crack  branching  and 
formation  of  the  mirror  boundary  is  uncertain  but  they  seem 
to  be  closely  related.  These  authors  have  proposed  the 
following  relation,  again  involving  the  exponent  one  half 
and  assuming  plane  stress  conditions: 


Of  % 


1/2 


2  (-*!-)■ 1/2 


in  which  c^  is  the  crack  length  when  branching  occurs,  E  is 
Young's  modulus  and  y  is  the  effective  surface  energy. 
Therefore,  the  observation  of  a  slope  of  about  one  half  is 
not  unexpected.  Since  the  average  strength  of  the  specimens 
used  in  the  present  investigation  was  substantially  greater 
than  Rice's,  the  greater  slope  can  be  accounted  for  on  the 
same  basis  as  in  the  case  of  the  variations  observed  by 
Kerper  and  Scuderi. 
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The  value  of  (7£rm  was  calculated  for  the  present 
data  and  found  to  be  8,300  lb  1  n"^^  (9.1x10®  dyne  cm"^^). 
This  value  can  be  compared  with  a  similar  result  for  alumina 
(LUCALOX)  obtained  by  Congleton  and  Petch  using  the  radius 

O  Q  /o 

at  crack  branching  which  was  7.3x10°  dyne  cm"'3'  .  Since  the 
radius  at  crack  branching  may  be  larger  than  the  mirror 
radius,  the  actual  difference  may  be  greater  than  indicated 
by  this  comparison.  Other  factors  that  may  influence  the 
results  are  tensile  vs.  flexural  loading  and  differences  in 
specimen  shape  (thin  plates  vs.  rods). 

The  mechanisms  proposed  by  Congleton  et  al  and  Clark  and 
Irwin^^)  involve  cracks  that  open  up  ahead  of  the  main 
crack  and  that  subsequently  form  the  crack  branches.  At 
present  this  mechanism  is  not  firmly  established  but  it 
does  seem  reasonable  that  the  Griffith  condition  applies  in 
some  way  to  the  branches  as  well  as  the  main  crack  so  that 
the  elastic  modulus  and  the  surface  energy  are  expected  to  be 
important  factors. 

C.  Estimating  Residual  Surface  Stresses  from 
Mirror  Dimensions 

A  fracture  surface  showing  a  mirror  with  a  diameter  of 
0.03  in.  formed  when  the  rod  fractured  at  a  stress  of  80,000 
psi  is  illustrated  in  Figure  19.  This  fracture  surface  is 
compared  with  another  one  having  a  mirror  0.03  in.  in  dia- 

•  i 

meter  obtained  by  breaking  a  rod  strengthened  by  quenching 
from  1700°C  into  silicone  oil  (100  cs. )  at  a  flexural  stress 
of  141,800  psi.  The  similarities  in  mirror  size  and  other 
fracture  features  are  evident. 

The  mirror  dimensions  and  the  flexural  strengths  of 
rods  quenched  from  1550  and  1700°C  were  measured.  Only 
fractures  originating  at  the  surface  were  used.  The  results 
are  given  in  Table  VIII  and  Figure  20.  In  Figure  20  ths 
strength  vs.  mirror  size  curves  for  the  quenched  rods  are 
compared  with  the  results  obtained  for  as  polished  rods. 
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A.  As  Polished  (80,000  psi) 


IOOUTT1 


B.  Ouenched  from  1700"C  into  silicone  oil  (141,800  psi) 
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TABLE  VIII 


Mirror  Diameter  and  Strength  of  Hot  Pressed 
Alumina  Quenched  in  Silicone  Oil  (100  cs-,) 


Quenching  Mirror 

Temperature  Diameter 

°C  in. 

1550  0.015 

0.021 
0.022 
0.028 
0.038 

1700  0.011 

0.020 
0.022 
0.030 
0.044 


Flexural 

Strength 

Remarks 

psi 

154,400 

small  crack 

143,900 

— 

132,700 

- 

111,000 

— 

104,500 

large  crack 
(tensile  side' 

177,000 

— 

160,500 

— ~ 

144,500 

— 

141,800 

— 

113,100 

large  flake 

Flexural  Stress -psi  in  thousands 


Figure  20  Stress  at  Fracture  Origin  vs.  Mirror  Diameter  for  Quenched  Alumina  Rods 
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Since  the  mirror  size  is  determined  by  the  local  stress  at 
which  fracture  occurred,  all  fractures  at  a  particular  mirror 
size  actually  occur  at  the  same  local  stress.  The  curves  for 
the  quenched  rods  fall  at  higher  stresses  because  the 
quenched  rods  support  larger  loads  so  that  the  nominal 
stresses  calculated  from  the  load  and  the  rod  dimensions 
are  larger.  The  differences  between  the  curves;  that  is, 
the  differences  between  the  nominal  stresses  in  the 
quenched  rods  and  those  in  the  as  polished  rods  are  caused 
by  the  presence  of  the  residual  stresses  and  the  magnitude 
of  the  difference  provides  an  estimate  of  the  residual 
stress. 

At  a  mirror  diameter  of  0.020  in.  the  strength  of  an 
as  polished  rod  is  9^*000  psi.  At  the  same  mirror  size  the 
strength  of  a  rod  quenched  from  1550°C  is  138,000  psi.  Thus, 
the  residual  stress  in  the  surface  of  the  quenched  rod  is 
approximately  44,000  psi.  Similarly,  the  strength  difference 
for  rods  quenched  from  1700°C,  taken  at  the  same  mirror  size 
yields  58,000  as  the  estimate  of  the  residual  stress. 

Since  the  differences  between  the  curves  remain  approxi¬ 
mately  the  same  over  a  range  of  mirror  size,  the  data  indicate 
that  the  residual  stresses  present  in  the  various  rods  quenched 
from  a  particular  temperature  are  approximately  the  same  in 
spite  of  the  rather  large  variations  in  strength. 

The  present  method  of  estimating  the  magnitude  of  the 
residual  stresses  is  an  improvement  over  comparing  individual 
strength  values  for  the  following  reasons: 

1.  The  variations  in  the  individual  values  are 
reduced  by  averaging. 

2.  Since  all  of  the  fractures  originated  at  the 
surface,  errors  due  to  fractures  originating  in 
the  interior  are  avoided. 

3.  Since  the  comparison  is  based  on  a  physically 
significant  fracture  feature,  changes  other  than 
residual  stresses  that  may  effect  the  strength  may 
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not  affect  the  estimated  residual  stress  or 

may  effect  it  to  a  lesser  degree. 

The  last  item  above  raises  the  question  whether  or  not  the 
present  data  can  be  used  to  estimate  the  portion  of  the 
observed  strengthening  that  should  be  attributed  to  the 
residual  stresses  and  the  portion. that  should  be  attributed 
to  other  causes  such  as  reduction  of  precipitation^^) . 

In  principal  this  can  be  done  by  comparing  the  difference 
in  the  average  strength  of  a  large  group  of  quenched  specimens 
in  which  the  fractures  originated  at  the  surface  and  the 
average  strength  of  a  large  group  of  controls  with  the  strength 
increase  expected  based  upon  the  estimated  residual  stresses. 

In  the  present  specimens,  a  large  fraction  of  the  fractures 
originated  at  internal  flaws  so  that  too  few  specimens 
remained  in  each  group  to  obtain  the  reliable  average  required 
for  this  comparison.  However,  it  is  evident  that  the  principal 
reason  for  the  improvement  in  strength  is  the  residual 
compressive  stress,  in  some  of  the  stronger  groups  other 
factors  may  be  making  a  minor  contribution.  In  Sections  D 
and  E,  some  evidence  for  the  existence  of  other  strengthening 
mechanisms  is  presented. 

Buessem  and  Gruver^^)  calculatfd  the  residual  stress 
profiles  of  96$  alumina  rods  quenched  from  1500  and  l600°C. 
These  calculations  were  done  by  numerical  integration  of 
equations  for  plastic  strain  using  experimental  heat  transfer, 
creep  and  elastic  modulus  data.  The  calculated  residual 
stresses  at  the  surface  were  17,900  psi  for  quenching  from 
1500°C  and  29,500  psi  for  quenching  from  l600°C.  The  measured 
flexural  strengths  were  substantially  greater  than  would  be 
expected  based  upon  the  sum  of  the  control  strength  and  the 
calculated  residual  surface  stress.  Based  upon  these 
calculations  it  seems  likely  that  inaccuracies  in  the 
assumptions  and  data  lead  to  calculated  residual  stresses 
that  are  lower  than  those  actually  present. 
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It  is  not  possible  to  make  a  direct  comparison  between 
the  present  residual  stress  estimates  and  those  of  Buessem 
and  Gruver  because  of  the  differences  in  the  heat  transfer, 
creep,  and  elastic  properties  of  the  two  materials.  However, 
the  present  estimates  do  show  that  compressive  stresses 
higher  than  those  found  by  the  calculations  can  be  induced 
in  alumina  ceramics. 

D.  Failure  at  Internal  Flaws 

As  polished  rods  usually  fracture  at  surface  flaws  but 
in  a  few  cases  fractures  have  been  observed  to  originate  at 
internal  flaws.  One  of  these  fractures  is  illustrated  in 
Figure  21.  In  this  case  the  calculated  stress  at  the  outer 
surface  when  fracture  occurred  was  110,800  psi.  The  fracture 
originated  at  a  slightly  lower  stress  about  0.010  in.  from 
the  surface.  The  fracture  origin  is  visible  as  a  diffuse, 
light  colored  spot  at  the  center  of  the  mirror. 

In  contrast  to  the  as  polished  rods,  the  fractures  in 
quenched  rods  usually  originate  at  internal  flaws.  A 

( i  2) 

number  of  these  fracture  origins  were  described  previously v  ’  > 

During  this  investigation,  the  flexural  strengths  of 
the  longest  portions  of  some  quenched  specimens  that  wei 3 
measured  previously  were  measured  again  by  three  point 
loading  on  a  3A  in.  span.  One  of  these  specimens  he  d  a 
flexural  strength  of  223,000  psi,  the  highest  individual 
strength  value  we  have  obtained  so  far  for  quenched  alumina. 

The  observed  mirror  is  shown  in  Figure  22.  The  fracture 
originated  internally  at  a  point  slightly  more  than  half 
the  distance  from  the  surface  to  the  axis.  The  mirror  is 
small,  approximately  circular,  and  bounded  by  surface 
roughness  and  small  flakes.  The  fracture  surface  is 
distinctive  mainly  because  of  the  sharpness  of  the  radiating 
ridges  and  the  flatness  of  the  radiating  valleys  shown  in 
Figure  22B. 
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Figure  22  Mirror  observed  in  quenched  specimen  fractured  at  a  nominal  stress  of 
223,000  psi  (quenching  temperature  1700°C,  100  cs.  silicone  oil) 
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The  fracture  origin  of  this  strong  rod  is  illustrated 
in  Figure  23A.  The  nature  of  the  flaw  is  not  readily  apparent 
but  it  may  be  an  irregularly  shaped  pore  or  porous  region 
with  some  slightly  larger  than  normal  grains  associated  with 
it. 

The  flaw  size  is  approximately  25  jU.m,  much  larger  than 
the  average  grain  size.  This  observation  is  consistent  with 
many  previous  observations  of  flaws  in  strong,  fine  grained 
alumina. 

The  texture  of  the  fracture  surface  within  the  mirror 
is  shown  in  Figure  23B.  The  fracture  is  almost  entirely 
intergranular.  The  uniformly  small  grain  size  (average 
grain  size  1=  lyUm)  and  well  formed  grains  and  facets  are 
evident.  The  texture  of  the  fracture  surface  in  the  flat 
portion  of  one  of  the  radiating  valleys  is  shown  in  Figure 
23C.  This  surface  is  quite  similar  to  the  mirror  except 
that  there  are  some  larger  areas  of  transgranular  fracture. 

The  mirrors  observed  in  fractures  originating  at  internal 
flaws  are  described  in  Table  XX.  The  data  are  not  very 
conclusive  at  this  point  because  of  the  small  number  of 
mirrors  that  have  been  measured  and  the  possibility  that 
those  selected  for  measurement  are  not  representative  of 
all  of  the  specimens  that  have  been  used  in  these  experi¬ 
ments.  Nevertheless,  these  observations  indicate  some 
interesting  possibilities.  The  stress  at  the  flaw  was 
estimated  in  each  case  based  upon  the  mirror  size,  using 
the  strength  vs.  mirror  size  curve  in  Figure  18.  The 
stresses,  acting  locally  at  the  flaws,  and  necessary  to 
cause  failure  are  higher  in  the  case  of  specimens  quenched 
from  1700°C  than  for  those  that  were  not  quenched  or  were 
quenched  from  1550°C.  Thus,  it  might  appear  that  the 
material  in  the  interior  of  the  specimens  is  actually 
strengthened  either  by  reheating  or  rapid  cooling.  Another 
possibility  is  that  this  difference  in  mirror  size  is 


e  of  quenched  specimen  fractured  at  a  nominal  stress  of  223,000 
temperature  1700°C,  100  cs.  silicone  oil) 


stresses  were  estimated  based  upon  mirror  diameter  using  Figure  18. 


This  will  be 


influenced  by  the  presence  of  other  stresses, 
discussed  further  in  a  later  section. 

Another  observation  is  that  the  relative  distance  of 
the  center  of  the  mirror  from  the  axis  varies  with  the 
strength.  The  relative  distances  were  calculated  by  dividing 
the  distance  of  the  flaw  from  the  axis  by  the  rod  radius. 

These  results  are  plotted  in  Figure  24  which  indicates  a 
definite  correlation  between  the  two  variables. 

E.  Fracture  Stress  vs.  Mirror  Size  at  Elevated  Temperatures 

The  possibility  of  an  effect  of  temperature  on  mirror 
size  was  considered.  Kerper  and  Scuderi^^  show  that  the 
mirror  size  of  glass  does  noc  vary  with  temperature  other 
than  the  variation  accounted  for  by  the  variation  of  fracture 
stress  with  temperature.  The  mirrors  of  rods  fractured  in 
flexure  at  various  temperatures  were  measured  and  compared 
with  those  observed  at  room  temperature.  The  flexural 
strength  and  mirror  size  data  are  presented  in  Table  X  and 
plotted  vs.  temperature  in  Figure  25,  In  a  rough  way  the 
strength  decreases  as  the  mirror  size  increases  and  vice 
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versa.  This  variation  would  be  expected  if  (T^r  •  =  constant 

applies  at  elevated  temperature  as  well  as  at  room  temper- 
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ature.  The  calculations  show  that  0~frm  i s  approximately 

constant  except  for  the  values  at  200  and  300°C.  In  these  two 
cases, the  mirrors  seem  larger  than  expected. 

The  elevated  temperature  mirror  sizes  are  compared  with 
those  expected  at  the  same  strength  using  room  temperature 
data  in  Figure  26.  At  first  glance  it  seems  that  the 
elevated  temperature  data  are  scattered  almost  equally  about 
the  line  representing  the  room  temperature  data.  However, 
when  the  data  from  200  and  300*C  are  separated  from  the  rest 
of  the  data,  it  is  evident  that  the  elevated  temperature 
values  are  lower  in  strength  at  a  given  mirror  size  than 
would  be  expected  at  room  temperature.  Since  both  the 
Young's  modulus  and  the  surface  energy  decrease  slowly  with 
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Figure  24  Flexural  Strength  vs.  Distance  of  Fracture  Origin  from  Rod  Axis 
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TABLE  X 


Mirror  Diameter  and  Elevated  Temperature  Strength 


Testing  Mirror 

Temperature  Diameter 
°C  in. 

Flexural 

Strength 

psi 

<rr  1/S 

t/fin 

lb.  in .“3/^ 

Flaw 

Location 

25 

0.020 

As  Polished  Rods 

94,000  9,400 

edge  flaw 

200 

0.035 

90,000 

11,800 

edge  flaw 

300 

0.035 

78,000 

10,300 

edge  flaw 

4oo 

0.035 

72,000 

9,500 

edge  flaw 

500 

0.030 

65,000 

8,000 

edge  flaw 

6oo 

0.030 

80,000 

9,800 

edge  flaw 

8oo 

0.030 

75,000 

9,200 

edge  flaw 

900 

0.023 

84,000 

9,000 

edge  flaw 

1000 

0.025 

72,000 

8,100 

edge  flaw 

1100 

0.025 

78,000 

8,800 

edge  flaw 

1200 

0.040 

70,000 

9,900 

edge  flaw 

1300 

0.038 

58,000 

8,100 

edge  flaw 

1400 

0.120 

40 , 000 

9,800 

edge  flaw 

1500 

— 

specimen  bent  -- 

Quenched  from  1550°C  in 

Silicone 

Oil  (100  cs, ) 

25 

0.020 

145,000 

— 

edge  and  internal 

500 

0.020 

110,000 

— 

edge  flaw 

800 

0,015 

125,000 

— 

edge  flaw 

1000 

0.015 

115,000 

— 

edge  and  internal 

1100 

0.020 

82,000 

— 

edge  and  internal 

1200 

0.020 

60,000 

— 

internal  flaw 

1300 

0.015 

35,000 

— 

internal  flaw 

thousands 


Flexural  Stress  -  psi  in  thousands 
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increasing  temperature  this  variation  might  have  been 
expected  based  upon  the  Congleton  and  Petch  equation. 

It  has  been  evident  for  some  time  that  it  would  be 

desirable  to  have  a  measure  of  the  relative  effect  of 

microplasticity  on  the  fracture  energy.  According  to 

Ryshkewitch^1)  the  surface  tension  of  molten  alumina  is 

estimated  to  be  900  dynes  cm"1.  The  surface  tension 

increases  with  decreasing  temperature  at  a  rate  of  about 
-1 

0.1  dyne  cm  per  degree  C  so  that  at  room  temperature  it 
is  about  1100  dyne  cm"'1'.  Measured  fracture  energies  are 
one  to  two  orders  of  magnitude  larger. 

Many  claims  have  been  made  that  all  or  most  of  the 
difference  between  the  surface  energy  and  the  fracture 
energy  in  brittle  ceramics  can  be  accounted  for  by  micro¬ 
plasticity.  If  this  is  the  case,  it  may  be  reasonable  to 
expect  an  increase  in  fracture  energy  as  temperature  increases 
because  of  the  substantial  increase  in  the  amount  of  plastic 
flow.  The  effective  surface  energy  for  fracture  initiation 
of  UOg  does  increase  substantially  with  increasing  temper¬ 
ature^2)  but  those  of  Mgo(^)  an(j  si  change  only 

slightly.  Available  information  for  a  rather  coarse  grained 
alumina  body  indicates  a  decrease  from  24,000  dyne  cm-1  at 
20°C  to  15,000  dyne  cm-1  at  1000°C^^.  On  the  other  hand 
Congleton,  Petch  and  Shiels^®)  show  a  decrease  from  30,000 
dyne  cm"1  at  -200°C  (o  about  15,000  dyne  cm”1  at  250°C 
followed  by  an  increase  to  60,000  dyne  cm"1  at  500°C  for 
LUCALOX.  Thus,  it  appears  that  there  is  no  general  increase 
in  fracture  energy  with  temperature  in  polycrystalline 
ceramics. 

Since  E  and  CTf  of  alumina  change  only  slightly  with 
Increasing  temperature,  the  equation  of  Congleton  and  Petch 
predicts  that,  if  Y  increases  substantially  with  increasing 
temperature,  increasing  mirror  size  will  be  observed. 

The  temperature  variations  of  and  2  (-■^■^-)1//g 

are  plotted  in  Figure  27.  In  these  calculations,  values  of  E, 


00 


obtained  by  dynamic  methods,  were  taken  from  Lynch  et  al(^) 
and  y  was  based  upon  estimates  from  Ryshkewitch^1) .  This 
calculation  leads  to  lower  values  than  those  obtained  by 
Congleton  and  Petch  because  of  the  lower  value  of  y  . 

Comparing  the  two  curves,  it  is  evident  that,  except 
for  the  values  at  200  and  300°C  there  is  little  variation 
with  temperature  and  if  the  lower  curve  were  multiplied  by 
a  constant  factor  of  about  14  it  would  roughly  coincide  with 
the  upper  curve. 

1/2 

It  seems  likely  that  the  discontinuity  in  0~£rm  at 
200°C  is  a  real  effect.  The  strength  is  normal  and  the 
difference  in  mirror  size  seems  too  great  to  be  attributed 
to  experimental  error.  Further  investigation  of  this 
discontinuity  may  produce  evidence  of  the  factors  affecting 
the  fracture  mechanism  in  this  temperature  range. 

1/2 

The  principal  interest  in  the  variation  of  (Tfrm 

with  temperature  lies  in  the  possibility  that  it  may  provide 

evidence  of  the  role  of  microplasticity  in  the  fracture  of 

these  brittle  materials.  It  seems  reasonable  to  expect  that, 

at  particular  temperatures  at  which  various  microplastic 

processes  can  occur,  they  would  cause  large  variations  in  7  , 

1/2 

thus  causing  variations  in  0~frm  as  indicated  by  the 

equation  of  Congleton  and  Petch.  The  present  evidence 

indicates  that  these  effects  are  absent,  especially  at  high 

temperatures  where  they  might  be  expected  to  have  their 

greatest  effect.  This  observation  casts  doubt  on  the 

conventional  theory  that  the  effective  fracture  energy  is 

one  or  two  orders  of  magnitude  greater  than  the  surface 

energy  because  of  increases  in  y  due  to  plasticity.  Even 

at  l400°C,  just  below  1500°C  where  the  alumina  deforms 

1/2 

without  breaking,  CTfrm  has  a  normal  value. 

The  flexural  strength  and  mirror  diameter  of  the  quenched 
alumina  specimens  are  plotted  vs.  temperature  in  Figure  28. 

The  data  are  fragmentary.  Also,  the  results  include  fractures 


Mirror  Diameter-in.  Flexural  Strength-psi  in  thousands 
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at  internal  flaws  and  residual  stresses  are  present  so  that 
the  calculated  strength  does  not  represent  the  stress  acting 
at  the  flaw.  For  these  reasons  interpretation  of  these 
results  is  difficult. 

One  notable  factor  is  that  the  average  mirror  size  is 
smaller  than  in  the  case  of  the  as  polished  rods.  This 
observation  indicates  that  the  local  stress  acting  at  the 
flaws  in  the  quenched  specimens  is  greater  than  in  the 
case  of  as  polished  rods,  both  for  surface  and  internal 
flaws.  This, in  turn,  suggests  that  another  strengthening 
mechanism, in  addition  to  the  compressive  surface  layers,  is 
contributing  to  the  high  strengths. 


F.  Residual  Stress  Near  Rod  Axis 

Hot  pressed  rods  that  are  severely  quenched  fracture 
spontaneously  when  they  are  reheated  to  1100-1200°C^^ . 

These  fractures  usually  originate  near  the  rod  axis.  The 
mirrors  at  these  fracture  origins  were  measured  and  the 
stresses  at  the  fracture  origins  were  estimated  using  the 
strength  vs.  mirror  size  curve  at  room  temperature.  The 
most  frequent  stress  at  or  near  the  axis  was  76,000  psi. 
Figure  29  illustrates  one  of  these  mirrors.  The  individual 
mirror  sizes  and  estimated  stresses  are  listed  in  Table  XI. 
Because  there  is  no  applied  load,  the  stress  at  which  the 
spontaneous  fracture  occurs  is  the  strength  of  the  local 
material  under  those  conditions.  Therefore,  the  strength 
of  the  material  at  the  axis  is  about  76,000  psi  in  the 
temperature  range  1100-1200°C.  This  value  agrees  approxi¬ 
mately  with  the  flexural  strength  of  as  polished  alumina 
in  this  temperature  range.  Therefore,  in  contrast  to  the 
behavior  at  lower  temperatures,  above  1100° C  the  surface  and 
the  interior  of  the  alumina  have  approximately  the  same 
strength. 


**  - J'  ***** 
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Figure  29  Fracture  Surface  of  Severely  Quenched  Alumina  Rod  which  fractured  spontaneously 
on  reheating  to  1 100-1 200°C  (21X) 
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TABLE  XI 


Estimates  of  Axial  Stresses  Based  on  Mirror 
Dimensions  at  Spontaneous  Fractures 


Rod 

Diameter 

in. 

Relative  Distance 
from  Axis  to  Flaw 

Mirror 

Diameter 

in. 

Estimated  Stress 
from  Figure  18* 
psi 

0.154 

0.03 

0.015 

106,000 

0.148 

0.03 

0.050 

76,000 

0.141 

0.07 

0.030 

76,000 

0.142 

0.80 

0.030 

76,000 

0.150 

0.15 

0.030 

76,000 

0.143 

0.02 

0.030 

76,000 

0.130 

at  edge 

0.040 

68,000 

0.138 

at  axis 

0.138 

36,000 

0.140 

at  axis 

0.140 

37,000 

0.142 

at  axis 

0.142 

37,000 

* 


Note  that  these  values  are  not  corrected  for  the  variation 
of  mirror  size  with  temperature.  It  is  likely  that  such  a 
correction  would  reduce  these  values  by  5,000-10,000  psi. 
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G.  Residual  Stress  Profile 

A  residual  stress  profile  for  specimens  quenched  from 
1700°C  into  silicone  oil  (100  cs. )  was  constructed  based 
upon  the  following  information  and  conditions. 

1.  The  residual  compressive  stress  at  the  surface 

is  58*000  psi  (from  Figure  20) 

2.  The  residual  tensile  stress  at  the  axis  is 

76,000  psi  (from  Table  XI) 

3.  The  volume  averaged  residual  stress  is  zero. 

4.  The  general  shape  of  the  stress  profile  is 

similar  to  those  of  Buessem  and  Gruver^^\ 

The  stress  profile  is  presented  in  Figure  30.  Comparing 
this  stress  profile  with  those  calculated  by  Buessem  and 
Gruver  for  quenching  from  1500  and  l600°C  shows  reasonable 
increases  in  surface  compressive  stresses  with  increasing 
quenching  temperature.  The  residual  tensile  stress  at 
the  axis  is  less  than  might  be  expected  from  the  calculations 
but  this  may  result  from  the  differences  in  the  materials. 

It  is  interesting  to  estimate  the  local  stress  at 
failure  for  the  specimens  failing  at  internal  flaws  by 
combining  the  residual  stress  profile  and  the  local 
stresses  due  to  the  applied  load.  The  results  are  plotted 
in  the  upper  right  hand  quadrant  of  Figure  30  and  show  a 
monotonic  decrease  in  strength  with  distance  from  the  rod 
axis.  The  low  values  occur  in  the  region  of  greatest  slope 
in  the  stress  profile  suggesting  that  the  other  principal 
stresses  (radial,  circumferential)  have  a  role  in  these 
failures. 

These  local  stresses  can  be  compared  with  the  local 
stresses  based  on  the  mirror  dimensions  which  are  listed 
in  Table  IX.  It  may  be  possible  to  reconcile  the  differences 
between  the  two  groups  by  taking  the  other  principal  stresses 
i 1  to  account. 


Figure  30  Estimated  Stress  Profile  for  Hot  Pressed  Alumina 

Rods  Quenched  from  I700°C  into  Silicone  Oil  (lOOcs.). 
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The  stresses  acting  at  fracture  in  as  polished  and 
quenched  rods  are  compared  in  Figure  31.  The  particular 
rods  chosen  for  comparison  are  those  illustrated  in 
Figu$^19  that  showed  approximately  equal  mirror  dimensions. 
The  total  strain  energy  is  not  directly  proportional  to  the 
stress  curves  because  the  rods  are  cylindrical,  not 
rectangular.  However,  it  is  evident  that  the  tensile  strain 
energy  in  the  quenched  rod  is  more  than  twice  that  of  the 
unquenched  rod.  Since  the  mirror  dimensions  are  the  same 
in  both  cases,  it  is  reasonable  to  conclude  that  either  the 
strain  energy  is  not  an  important  factor  or  the  strain 
energy  around  the  fracture  origin  is  the  only  part  that 
affects  the  mirror  formation.  It  seems  likely  that  tensile 
strain  energy  from  regions  remote  from  the  mirror  does  not 
affect  the  mirror  formation. 


;  , 
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V.  SUMMARY  AND  CONCLUSIONS 


Strengthening  by  Reduction  of  Crystal  Anisotropy 

Polycrystalline  ceramic  bodies  composed  of  crystals 
with  reduced  anisotropy  were  prepared  by  hot  pressing 
compositions  in  the  system  AlgO^-CrgO^.  The  heating  rates 
that  were  used  were  lower  than  those  used  previously. 

Using  the  lower  heating  rates  made  it  possible  to  prepare 
specimens  with  average  grain  sizes  as  large  as  5T />tm  compared 
with  a  maximum  of  20yLtm  obtained  previously.  It  seems 
likely  that  the  slower  heating  rates  allow  removal  of  pores 
at  lower  temperatures  so  that  upon  subsequent  heating  at 
higher  temperatures  the  pores  are  not  present  to  inhibit 
grain  growth. 

The  reaction  to  form  the  solid  solution  was  essentially 
complete  after  two  hours  at  1325°C.  Fine  grained  bodies  were 
obtained  with  this  heat  treatment.  Coarse  grained  bodies 
were  made  by  hot  pressing  at  higher  temperatures  for  longer 
periods  of  time.  After  heating  at  l650°C  for  five  hours 
the  average  grain  size  was  57yUm. 

The  grains  in  the  fine  grained  bodies  were  slightly 
elongated.  As  the  pressing  temperatures  were  raised  in 
order  to  make  coarser  grained  bodies,  large  lathlike  crystals 
were  observed.  These  crystals  are  similar  to  those  observed 
in  alumina  bodies.  At  the  highest  pressing  temperatures, 
the  microstructures  changed  again  so  that  the  material 
consisted  of  rounded  grains  with  a  bimodal  grain  size 
distribution.  Magnesia  is  effective  as  a  grain  growth 
inhibitor. 

The  variation  of  strength  with  composition  (CrgO^  content) 
was  investigated  for  coarse  grained  compositions  ranging 
from  seven  to  28$  CrgO^.  The  highest  average  strength  was 
obtained  at  21$  CrgO^. 
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The  strength  vs.  grain  size  of  72%  Cr^O^  and 

similar  compositions  with  additions  of  0.1  and  0.25%  MgO 
were  measured.  Some  strong,  fine  grained  specimens  were 
made.  The  hignest  individual  strength  value  was  118,000 
psi.  Even  though  this  is  considered  to  be  a  strong  body, 
similar  high  strengths  have  been  observed  with  strong  fine 
grained  alumina. 

The  strength  decreases  with  increasing  grain  size  as 

expected.  Considering  all  the  evidence  from  this  research 

(U  21) 

and  that  reported  earlier, v  ’  >  there  seems  to  be  only 

small  grain  size  dependence  of  strength  in  the  grain  size 
range  from  0.35 jltm  to  10  jUm.  At  the  very  fine  grain  size 
end  of  this  range,  the  strengths  may  be  lower  than  otherwise 
expected  because  of  failure  to  achieve  full  density  or  lack 
of  sufficient  heat  treatment  to  form  a  strong  bond  between 
the  grains.  However,  good  densities  and  high  strengths  were 
achieved  at  0.9yum.  From  0.9/im  to  10  jUm  the  slope  of  the 
strength  vs.  grain  size  curve  varies  from  0.15  to  0.31, 
depending  upon  the  particular  set  of  data  used.  If  the 
slope  of  the  strength-grain  size  curve  varies  with  crystal 
anisotropy  as  we  think,  these  low  slopes  would  be  expected. 
However,  in  some  cases  similar  low  values  have  been  observed 
for  the  slope  of  strength  vs.  grain  size  curves  for  poly¬ 
crystalline  alumina  so  that  present  evidence  is  not  sufficient 
to  assert  that  the  slope  of  the  solid  solution  curve  is  less 
than  that  of  pure  alumina. 

At  larger  grain  size,  other  factors  such  as  grain  shape 
seem  to  have  had  a  substantial  influence  on  the  results. 

For  example,  the  average  strength  of  specimens  with  a  lath¬ 
like  crystal  structure  from  Billet  7-86  with  an  average 
grain  size  of  SOjUlm  was  46,000  psi^’*’)  whereas  the  strength 
of  specimens  with  spheroidal  grains  and  a  bimodal  grain  size 
distribution  from  Billet  8-89-3  with  an  average  grain  size 
of  l8jUm  was  only  24,100. 
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Estimating  the  Residual  Stresses  in  Quenched  Alumina 
Alumina  from  Mirror  Dimensions 

Evaluation  of  the  results  of  this  investigation  should 
take  into  consideration  the  preliminary  nature  of  the 
research  which  was  performed  mainly  by  analysis  of  specimens 
from  other  programs.  In  spite  of  this  limitation, a  wide 
range  of  relatively  self  consistent  results  were  obtained. 
Therefore,  this  approach  seems  to  have  extraordinary  promise 
for  future  research. 

A  good  correlation  between  strength  and  mirror  size 

was  demonstrated.  The  slope  of  a  log  plot  was  0.46  providing 

1/2 

further  evidence  that  the  relation  (YP r  =  constant  is 

useful. 

The  residual  compressive  surface  stresses  estimated 

from  strength  vs.  mirror  size  curves  of  specimens  quenched 

into  silicone  oil  (100  cs. )  were  as  follows: 

1550°C  quenching  temperature  -  44,000  psi. 

17Q0°C  quenching  temperature  -  58,000  psi. 

Fractures  originating  at  internal  flaws  were  investigated. 

Of  particular  interest  was  a  fracture  surface  of  a  quenched 

specimen  with  a  nominal  flexural  strength  of  223,000  psi. 

This  result  is  believed  to  be  the  highest  flexural  strength 

that  has  been  obtained  on  a  polycrystalline  alumina  rod. 

Also,  when  the  alumina  specimens  failed  at  internal  flaws, 

the  strength  and  the  location  of  the  fracture  origin  were 

related,  with  the  strength  decreasing  with  increasing 

distance  of  the  fracture  origin  from  the  roc  axis. 

At  elevated  temperatures,  the  mirror  sizes  in  as  polished 

rods  are  slightly  smaller  at  a  particular  stress  level 

compared  with  the  sizes  expected  at  room  temperature.  The 
1/2 

value  of  OfV'  was  substantially  higher  than  expected  at 
200°C.  This  variation  should  be  investigated  for  evidence 
of  factors  affecting  the  fracture  mechanism  near  this 
temperature. 
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The  residual  stress  at  the  axis  of  alumina  rods  quenched 
from  170Q°C  into  silicone  oil  (100  cs. )  was  estimated  from 
the  mirror  sizes  of  rods  that  fractured  spontaneously  on 
reheating  to  1100-1200°C.  This  residual  tensile  stress  was 
about  78,000  psi.  The  estimated  residual  stresses  were  used 
to  construct  a  residual  stress  profile.  This  profile  was  used 
to  estimate  the  local  stresses  that  caused  failure  in  several 
quenched  specimens  that  failed  at  internal  flaws.  These  values 
decrease  with  increasing  distance  from  the  rod  axis,  a  result 
foreshadowed  by  the  similar  variation  of  the  strength.  The 
location  of  the  lowest  local  stress  values  corresponds  approxi¬ 
mately  to  the  largest  tensile  stress  gradient  suggesting  that 
other  stresses  play  a  role  in  these  failures. 

The  most  important  result  of  this  investigation  is  the 

1/p 

observation  that  o'?  1’m  is  approximately  constant  to 
temperatures  as  high  as  1400°C.  Since  Young's  modulus  varies 
only  slightly  in  this  temperature  range,  this  observation  may 
indicate  that  the  effective  surface  energy  for  fracture  varies 
only  slightly  with  temperature.  If  this  is  true  it  suggests 
that  the  contribution  of  microplasticity  to  the  fracture 
energy  is  small.  Further  research  should  be  done  to  investi¬ 
gate  this  possibility. 

If  it  can  be  shown  that  microplasticity  has  only  a  minor 
role  in  the  fracture  of  these  brittle  materials,  it  is 
necessary  to  look  for  new  explanations  of  the  variation  of 
strength  with  flaw  size.  One  possibility  is  that,  even  though 
a  crack  in  a  ceramic  may  be  "atomically"  sharp,  it  may  act  as 
though  it  is  blunt  because  the  ipterfacial  forces  reduce  the 
stress  concentration  at  the  crack  tip.  It  is  frequently 
overlooked  that  the  Griffith  theory  assumes  that  the  surfaces 
are  "traction  free"^*^.  Based  upon  experience  with  thermal 
expansion  hysteresis  and  other  phenomena  in  ceramics,  it  is 
apparent  that  these  interfacial  forces  can  be  quite  large  so 
that  it  is  reasonable  to  think  that  they  may  effect  the 
fracture  mechanism. 
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